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Forcing of intraseasonal Kelvin waves in the equatorial Pacific
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Abstract. Ten-year time series of sea surface temperature (SST), 20°C depth, and zonal
winds measured by moored buoys across the equatorial Pacific are used to define the
intraseasonal (30- to 90-day period) Kelvin waves. The Kelvin waves are observed to be
forced west of the date line and propagate at a speed of 2.4 m s™!, with high zonal coherence
over at least 10,000 km. They form a major component of thermocline depth variability in the
east-central Pacific. The intraseasonal-band variance has a low-frequency modulation both at
the annual and interannual frequencies; higher amplitudes are observed in boreal fall/winter
and during the onset phase of El Nifio warm events. The oceanic intraseasonal variability and

its low-frequency modulation are coherent with atmospheric intraseasonal variations (the
Madden-Julian Oscillation (MJO)), which are known to propagate eastward into the Pacific
from the Indian Ocean as part of a planetary-scale signal. The life cycle of an individual or
series of MJOs is determined by a combination of factors including tropical SSTs over the
warm pool regions of the Indian and Pacific Oceans and interaction with the planetary-scale
atmospheric circulation. Thus the intraseasonal Kelvin waves should be taken as an aspect of
a global phenomenon, not simply internal to the Pacific. The oceanic intraseasonal variability
peaks at periods near 60-75 days, while the corresponding atmospheric variations have
somewhat higher frequencies (35- to 60-day periods). We show that this period offset is
potentially related to the zonal fetch of the wind compared to the frequency-dependent zonal
wavelength of the Kelvin wave response. A simple model is formulated that suggests an
ocean-atmosphere coupling by which zonal advection of SST feeds back to the atmosphere;
the model duplicates the steplike advance of warm water and westerly winds across the
Pacific at the onset of the El Nifio of 1991-1992. The key dynamics of the model is that the
atmosphere responds rapidly to the state of the ocean, but the ocean’s response to the
atmosphere is lagged because it is an integral over the entire wind forcing history felt by the
wave. This results in a nonlinear ordinary differential equation that allows a net nonzero low-
frequency ocean signal to develop from zero-mean sinusoidal forcing at intraseasonal

frequencies.

1. Introduction

The purpose of this paper is to document the connection
between intraseasonal (30-90 days) Kelvin waves in the
equatorial Pacific and planetary-scale, eastward-propagating
intraseasonal convection fluctuations in the tropical atmosphere
(the Madden-Julian Oscillation). The connection is of interest
because it suggests that the frequently observed intraseasonal
waves can be viewed as a manifestation of a global phenome-
non, not strictly internal to the Pacific. We then show that
intraseasonal fluctuations in the ocean and atmosphere exhibit
consistent low-frequency modulation associated with the annual
eastward march of convection and with El Nifio-Southern
Oscillation (ENSO) variability. This variation of the amplitude
of the intraseasonal frequency band could be one way in which
the Pacific is affected by low-frequency signals originating
outside the basin and may provide a mechanism whereby the
Pacific feels climatic events originating in the Indian Ocean and
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south Asian monsoon circulation. We use the extensive TOGA-
TAO buoy network (see section 2) to observe the life cycle of
the Kelvin waves and the wind forcing that creates them.

A series of papers have described and diagnosed the dynam-
ics of the intraseasonal oceanic Kelvin waves. Spillane et al.
[1987] used sea level observations to show that poleward-
propagating intraseasonal variability was detectable all along the
coast of the Americas from California to Peru. Enfield [1987]
extended this analysis and found that the source of the coastal
variability was first baroclinic mode equatorial Kelvin waves
forced by western Pacific winds. He noted the apparent associa-
tion with atmospheric intraseasonal variability and found that
the oceanic waves seemed to be best developed during the onset
of the 1982-1983 El Nifio but were relatively weak in the
subsequent 2 years. Remarking on this interannual variation of
the signal, Enfield [1987] wondered if there was any connection
to the ENSO cycle. McPhaden and Taft [1988] analyzed
temperature, wind, and current observations from moored buoys
at 140°W and 110°W (an earlier set of the same buoy data used
in the present study) and found that intraseasonal variability was
prominent in subsurface temperature and zonal currents, but not
in meridional currents or eastern Pacific winds, consistent with
the interpretation in terms of remotely forced Kelvin waves.
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Johnson and McPhaden [1993a] studied the vertical and
meridional structure of the Kelvin waves at 140°W, 124°W, and
110°W using frequency-domain empirical orthogonal functions
(EOFs) and found important differences between the observed
characteristics of the intraseasonal variability and the structures
expected from linear Kelvin wave theory. These discrepancies
were explained by interactions between the waves and the mean
zonal current/temperature regime. In particular, intraseasonal sea
surface temperature (SST) variations in the equatorial cold
tongue were shown to be related to zonal advection by these
Kelvin waves. Johnson and McPhaden [1993b] identified mean
vertical advection as the most important effect modifying linear
Kelvin propagation. In sum, the intraseasonal Kelvin waves are
reasonably well described and understood, particularly once they
leave the generation region in the western Pacific. The present
paper extends the existing description by connecting the waves
to the Madden-Julian Oscillation (MJO) in the atmosphere and
follows up Enfield’s [1987] query by proposing an interaction
between the intraseasonal and the interannual variability of the
Pacific ocean-atmosphere system.

Intraseasonal variability in the tropical atmosphere has been
the subject of many papers since Madden and Julian [1971,
1972] used surface pressure and upper air data collected from
stations around the tropical belt to show that these fluctuations
were of global scale and had aspects suggesting an eastward-
propagating wave. The convective signal associated with the
MIJO has been studied using satellite-derived outgoing longwave
radiation (OLR) data and is found to be most prominent over the
warm pool regions of the eastern hemisphere (roughly between
60°E and 180°) [Rui and Wang, 1990]. Eastward movement of
convection is clearest during boreal winter when the warm pool
extends from the Indian Ocean to the date line and lies closest
to the equator [Weickmann et al., 1985; Lau and Chan, 1985;
1986, Lau and Shen, 1988). Migration speeds are observed to
range between 3 and 6 m s™, with a suggestion that movement
is slowest during the intensification phase over the Indian Ocean
and fastest during weakening over the central Pacific [Rui and
Wang, 1990]. A deep signal in the atmospheric zonal wind also
propagates eastward at up to 20 m s”! from the regions of warm
pool convection across the Pacific and into the Atlantic Ocean
region [Hendon and Salby, 1995; Weickmann and Khalsa,
1990]. Thus the MJO is a global phenomenon, but it is only over
the warm SST region in the eastern hemisphere that the strong
surface expression (deep tropical convection and associated
surface wind anomalies that force the ocean) occurs. During
boreal summer the convective signal over the western Pacific
tends to shift off the equator to near 10°N [Knutson et al., 1986;

Lau and Chan, 1986] as part of a seasonal cycle in the activity.
Composite studies using global circulation data have confirmed
many of the early results of Madden and Julian [1972], includ-
ing the presence of large-scale, low-level westerly wind anoma-
lies that move eastward and are maximized near or just west of
the convection anomalies [Knutson and Weickmann, 1987; Rui
and Wang, 1990; Hendon and Salby, 1995]. Major centers of
convective activity associated with the MJO are found over the
central Indian and western Pacific Oceans [Weickmann and
Khalsa, 1990; Zhu and Wang, 1993] and the passage of an MJO
over these regions is accompanied by westerly wind bursts, trade
wind surges, tropical cyclones and supercloud clusters
[Nakazawa, 1988; Sui and Lau, 1989]. We will show that the
oceanic Kelvin waves represent a robust response to this
multiple time and space scale forcing.

There has been considerable ambiguity in the literature about
the exact meaning of “intraseasonal,” with many of the early

KESSLER ET AL: FORCING OF INTRASEASONAL KELVIN WAVES

atmospheric papers citing periods in the range of 30-50 days,
and other works finding a broadband signal with periods to 100
days. In general, the oceanic papers have tended to find the
lower frequencies more prominent than do the atmospheric
studies. We will argue in section 4.6 that this can be understood
as a result of the response of the ocean to forcing whose fetch is
similar to the wavelength of a Kelvin wave at intraseasonal
frequencies. In any case it seems clear that the intraseasonal
variability is not a true periodic signal but is actually composed
of individual events that tend to follow one another no less than
about 30 days apart [Rui and Wang, 1990]. Spectral analyses
using different time periods show intraseasonal peaks varying
between about 30 and about 90 days or so and emphasize the
broadband nature of the phenomenon.

2. Data Description and Processing

2.1. The TOGA-TAO Buoy Array

The widespread and systematic influence of ENSO on the
ocean-atmosphere system led to the initiation of the Tropical
Ocean-Global Atmosphere (TOGA) program, a 10-year study of
climate variability on seasonal to interannual timescales. One
component of the TOGA observing system is the Tropical
Atmosphere Ocean (TAO) buoy array, which consists of more
than 60 deep ocean moorings arranged in ranks nominally 15°
longitude apart across the equatorial Pacific (Figure 1). Observa-
tions from these moorings form the principal data set used in
this paper. Most of the TOGA-TAO buoys are ATLAS thermis-
tor chain moorings [Hayes et al., 1991b] that measure tempera-
ture at the surface and 10 subsurface depths down to 500 m, as
well as surface winds, relative humidity, and air temperature.
Air temperatures, relative humidities, and water temperatures are
sampled 6 times per hour, and daily averages of these are
transmitted in real time each day to shore by satellite via Service
Argos. Vector winds 3.8 m above the surface are sampled at
2 Hz for 6 min each hour and similarly averaged and transmit-
ted. Zonal and meridional currents, as well as winds and
temperatures, are measured by moorings equipped with an
Acoustic Doppler Current Profiler (ADCP) at 110°W, 140°W,
170°W, and 165°E on the equator. Most of these ADCP buoys
telemeter velocity profiles in the upper 250 m and were first
deployed in 1990-1991 [McPhaden et al., 1990]. Before
1990-1991, buoys on the equator at 110°W, 140°W, and 165°E
were instrumented with mechanical current meters at six to eight
depths between the surface and 300 m [McPhaden and McCarty,
1992]. Except for the ADCP moorings, most of the buoys shown
in Figure 1 were not deployed until 1991, so only a few time
series extend back more than 3 years. The number of buoys in
operation has climbed from two that were first deployed in the
early 1980s (110°W and 140°W on the equator), to about 15 in
1988, then to 20 by mid 1991. Since then the number has
increased rapidly to more than 60 by mid 1992. Thus a study
such as the present one that examines long time histories is
partly restricted to the use of a few buoy locations.

The most important advantage of the buoy data over ship-
board observational techniques is that their high temporal
resolution means that intraseasonal frequencies are not aliased
by the ubiquitous high-frequency variability in the ocean [e.g.,
Hayes, 1982; Hayes and McPhaden, 1992]. However, due to
vandalism and instrument failures of various types, the buoy
time series are rarely complete, and some method for dealing
with data gaps is necessary. The history of instrumentation at the
0°, 140°W mooring is shown in Figure 2, indicating that the
time series at most depths are quite gappy and that the mix of
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Figure 1. The TOGA-TAO buoy array as of September 1993, showing the approximate length of time the various
buoys have been in the water. The present study uses principally the long-term thermistor chain buoys and the current
meter buoys, which have been operating for 5 years or longer.

samples changed many times during the decade that a buoy has
been in the water at this location. These changes influence the
choice of variables available for study. For example, although
dynamic height might be most useful for some purposes, there
are many periods during which there are no data below 200 m,
so either long gaps or a too-shallow reference level would have
to be accepted. Similarly, there are several significant (2 to 3
month) gaps in the SST record, which would make it difficult to
perform a spectral decomposition on this time series. We use a
variety of strategies to deal with these problems. In the present
work we focus on changes in the depth of the 20°C isotherm,
which can almost always be calculated by vertical interpolation,
since there is generally sufficient vertical resolution in the
thermocline to determine this temperature level accurately. It
happens that the equatorial Kelvin waves studied here have a
clear expression in the vertical motion of the thermocline, so
20°C depth is appropriate for this purpose. In later parts of this
paper we show time-longitude sections of 20°C depth along the
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equator. Since there is a high coherence of this variable within
at least +2° of the equator, in cases where the equatorial buoy is
missing an average of the 2°N and 2°S buoy was used to fill
missing points to construct these diagrams. Similarly, there is no
single complete buoy record of winds in the western equatorial
Pacific, so to obtain the longest time series possible for the
spectral analysis and complex demodulation in section 3 we use
the 1-2-1 weighted average of the 2°S, 0° and 2°N, 165°E buoy
wind time series, allowing 2°S and 2°N to fill missing equato-
rial values when necessary. Of the 2595 total days between the
initial deployment at 165°E in July 1986 through July 1993, the
wind data return from the equatorial buoy was 71%, and for only
2% of the time (48 days at the beginning of 1988) were none of
the three near-equatorial stations available.

For gaps that are short compared to the period of the signal of
interest, it is possible to trade time resolution for gap filling.
Chelton and Davis [1982, Appendix] show how to objectively
estimate the value of a running mean in the presence of gaps.
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Figure 2. Buoy sampling diagram at 0°, 140°W, showing the history of observations at this location at the various
depths sampled. Note that only a few depths have continuous sampling over the 10 years of operation. The overlay
of 20°C depth (filtered with a 121-day triangle (dark), and 17-day triangle (light)) shows that this value can be
reliably calculated by vertical interpolation with no gaps even though temperature at any of the fixed levels would

be gappy.
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Their method has been used to fill small (up to about 10 days)
gaps by producing a data series filtered with a 17-day triangle
(two successive 9-day running means) filter. This filter has a
half-power point at 20.3 days and so fills short gaps while
retaining the intraseasonal signals of interest here.

The ability to low-pass filter in the presence of gaps also
makes possible the use of complex demodulation on the gappy
buoy time series. Complex demodulation [Bloomfield, 1976] is
a type of band-pass filter that gives the time variation of the
amplitude and phase of a time series in a specified frequency
band. It may be preferable to ordinary Fourier techniques when
studying a short or gappy record since the result is local in the
sense of being determined only by the data in the neighborhood
of each particular time realization. Briefly, in complex demodu-
lation the time series is first frequency-shifted by multiplication
with ¢7¢*, where w is the central frequency of interest. Then the
shifted time series is low-pass filtered (using the Chelton and
Davis [1982] method if there are gaps), which removes frequen-
cies not near the central frequency. This low pass acts as a band-
pass filter when the time series is reconstructed (unshifted). The
resulting complex time series can then be expressed as a time-
varying amplitude and phase of the variability in a band near the
central frequency; that is, in the form h(f) = A(#) cos (wt — (D),
where A(F) is the amplitude and ¢(¢) the phase for a central
frequency w, and h(¢) is the reconstructed band-passed time
series. The phase variation can also be thought of as a temporal
compression or expansion of a nearly sinusoidal time series,
which is equivalent to a time variation of frequency.

While this study focuses on the 4-year period since mid 1989,
there are two sites where 10-year time series of subsurface
temperature and velocity have been collected, at 140°W and
110°W on the equator. These allow examination of the extent to
which the past 4 years are typical of the climatology. Figure 2
shows the low-pass filtered (half power at 145 days) depth of the
20°C isotherm at 0°, 140°W. The low-frequency temperature
time history until early 1989 is dominated by the El Nifio/La
Nifia seesaw, with the annual cycle barely visible. Since 1989
the character of temperature variability at 140°W has changed
and a large-amplitude annual cycle of both thermocline depth
and SST is evident (Figure 2). Complex demodulation of 20°C
depth at the annual period (not shown) demonstrates a more than
doubling of the amplitude of the annual cycle from less than
10 m in 1984—-1985 to more than 20 m since 1990, consistent
with the visual impression of Figure 2. The 1991-1992 El Nifio
appears only as a slightly stronger annual cycle than surrounding
years, although the maxima of SST and thermocline depth were
as large as during the 19861987 event. Alternatively, one might
view all the boreal winters since 1989 as having some features
similar to a warm event (and note that the Southern Oscillation
Index has been low since late 1989). Therefore the period
studied may be characterized as having a strong annual cycle at
0°, 140°W, but this may not be typical of other periods.

2.2. Outgoing Longwave Radiation

Pentad averages of twice-daily outgoing longwave radiation
(OLR) data observed by satellite were used in this study to
estimate the location and strength of tropical deep convection.
This data set has been the basis for numerous studies of tropical
convective activity, in which low values of OLR are assumed to
indicate the presence of tall cumulus towers associated with
intense convection [Weickmann et al., 1985; Lau and Chan,
1985; Rui and Wang, 1990; Waliser et al., 1993]. The data are
obtained from National Oceanic and Atmospheric Admini-
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startion’s polar-orbiting satellites as radiance measurements in
an infrared window channel. The window radiance is then
converted to a broad-band estimate of the total outgoing
longwave radiation [Gruber and Krueger, 1984]. Global
measurements are binned into a day and a night observation on
a 212° by 2V4° global grid. Missing data occur both in time and
space. The data used here have been interpolated in time and
then averaged into 73 pentads per year. Chelliah and Arkin
[1992] have documented spurious variability in the OLR data
due to different satellite equatorial crossing times and different
window channel radiometers. These variations are confined to
certain regions, especially those having a large diurnal cycle and
should have no impact on our results.

3. Results
3.1. Description

The intraseasonal Kelvin waves are clearly seen as sloped
bands of high and low values in the longitude-time plot of 20°C
depth along the equator (Figure 3). We show the 4-year period
from mid 1989 to mid 1993 because there were sufficient buoys
to reliably perform the zonal interpolation and because the
waves were relatively well developed at this time. The previous
3 years were dominated by the El Nifio/La Nifia seesaw of
1986-1988 and have been discussed by McPhaden and Hayes
[1990].

Observed changes to the mean thermocline slope and depth
during the 4 years shown in Figure 3 were order 1; while the
mean zonal thermocline slope in the central Pacific is close to
107> (1 m per 100 km), the standard deviation is about 0.7 x 107
and the large-scale slope both doubled and vanished on occasion
during this period. Similarly, the mean depth of 20°C at 140°W
during 1989-1993 was about 125 m, but values ranged between
80 m and 170 m, and displacements of more than 8 m day™
were observed during Kelvin wave passage.

It is clear from Figure 3 that the intraseasonal Kelvin waves
form a major component of equatorial thermocline depth
variability. Slanted lines have been overplotted to show the
downwelling waves; their slope represents a speed of 2.4 m s
which is the average speed found from the phase of the coher-
ence in the intraseasonal band (see section 3.2) and is similar to
other estimates [e.g., Johnson and McPhaden, 1993a). The
amplitudes are seen to be roughly 20 m in the central Pacific,
and the zonal wavelengths of the intraseasonal Kelvin waves are
at least 10,000 km (the east-west width of Figure 3 is about
9500 km); a simple calculation A = cT gives A = 12,400 km for
a speed of 2.4 m s™! and period of 60 days.

There is a close visual coherence between zonal winds over
the far western Pacific (heavy line at the top of Figure 3) and
thermocline depth in the east/central Pacific. Figure 3 shows that
virtually every western Pacific wind fluctuation was reproduced
in 20°C depth signals propagating across the basin at Kelvin-
like speeds of 2 to 3 m s™'. The correlation of zonal winds at
165°E with 20°C depth at 140°W was greater than 0.7 at a lag
of 29 days corresponding to 2.4 m s -1 phase speed. The local
correlation between zonal winds and 20°C depth at 140°W was
zero, so remote forcing is clearly dominant. Intraseasonal
westerly wind events were concentrated during the boreal
fall/winter season, and during the past 4 years typically pro-
duced two to four downwelling Kelvin waves about 60 days
apart each year. The duration of the series of downwelling
waves each year effectively defines the annual thermocline
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Figure 3. Longitude-time plot of 20°C depth on the equator. The contours and shading show the depth of the 20°C
isotherm, zonally interpolated between the buoy positions (see text). Contour interval is 20 m, and deeper thermocline
depths are darker shades. The slanted lines show identified downwelling Kelvin wave ray paths (see text) and
represent a speed of 2.4 m s7!. The heavy line at top shows the time series of zonal winds averaged over 165°E-180°
(scale at upper right). Both time series have been smoothed with a 17-day triangle filter (see text).

deepening, and the El Nifio event of 1991-1992 appears as a
more intense version of the usual fall/winter deepening.

The corresponding longitude-time plot of surface zonal winds
along the equator (Figure 4) suggests that the zonal wind has a
shorter zonal coherence scale than either 20°C depth or SST.
Typically the strongest trades in the central Pacific occur during
boreal fall/winter, which is when westerly events are most
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prominent in the far west. This out-of-phase relation between
central and western Pacific is associated with the westward
propagation of the annual cycle of zonal winds across the basin
[e.g., Meyers, 1979; Lukas and Firing, 1985; Gent, 1985;
Kessler and McCreary, 1993]. The result is that the correlation
of winds along the equator has a relatively short zonal scale and
becomes negative after a few thousand kilometers. The short
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Figure 4. Longitude-time plot of zonal winds on the equator. The plot has the same format as Figure 3 for 20°C
depth. The contours and shading show the zonal wind at a contour interval of 3 m s™'. Westerlies are darker shades.
The heavy curve at top show the time series of OLR averaged between 160°E and 170°E on the equator, with values
below 220 W m™ darkened (scale at upper right). Both time series have been smoothed with a 17-day triangle filter.
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zonal scales are consistent with those observed for deep tropical
convection [Waliser et al., 1993].

Western Pacific westerly winds often appear as a series of
roughly month-long events, rather than a simple annual sinusoid
(Figure 4). Unlike 20°C depth (Figure 3) there is only weak
evidence of eastward propagation of the individual intraseasonal
wind events, but successive events often extend farther to the
east than did the preceding one. The 1991-1992 El Niiio is
evident in the zonal wind time series as a stronger-than-usual
period of westerly events, which extended further east than in
the preceding years (Figure 4). This low-frequency signal was
disrupted by the intraseasonal waves, and between the strong
westerly events the western Pacific winds returned to more
normal conditions with easterlies or very weak westerlies
(Figure 4). With the first of the series of MJOs in September
1991, substantial weakening of the trades west of about 170°W
was observed (Figure 4). The “collapse of the trades” occurred
during January 1992, when westerly winds were seen as far east
as 140°W for about 3 weeks (although winds at 110°W re-
mained seasonally normal according to the Comprehensive
Ocean-Atmosphere Data Set (COADS) climatology).

The occurrence of western Pacific westerly events corre-
sponded closely to low values of OLR, which indicate the
presence of intense tropical convection (heavy line at the top of
Figure 4). At 0°, 165°E, the largest lag correlation of zonal
winds and OLR was 0.7, with OLR leading the winds by about
5 days. The lag is approximate since OLR is processed to 5-day
averages but is consistent with westerly winds following on the
west side of eastward-propagating convective activity. An
annual cycle showing low values in boreal fall/winter is evident
in the OLR record, but the highly intraseasonal nature of
particularly the low-OLR events is obvious in the time series at
the top of Figure 4 (see section 3.2).

The corresponding longitude-time plot of sea surface
temperature (SST) along the equator (Figure 5) shows a very
different character of variability. Whereas thermocline depth and
western Pacific zonal winds demonstrated large-amplitude
intraseasonal fluctuations, SST variations were largely of lower
frequency. An annual cycle was prominent east of about 170°W,
and in the eastern Pacific the annual occurrence of warm SSTs
lagged the deepest thermocline (Figure 3) by 2-3 months.
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During the ENSO warm event of 1991-1992 the 29°C isotherm
moved east from its usual position near the date line to about
140°W, and maximum SST at 110°W reached 28°C, about
1°-2°C warmer than the annual maxima of the previous 2 years.
Before the 1991-1992 event, in 1989 and 1990 the cold tongue
(defined roughly as the SST less than 25°C) persisted through
January of the following year east of 140°W. However, in
September—October 1991 a relatively abrupt warming took place
across the basin, which roughly coincided with the first of the
four downwelling Kelvin waves of this event and terminated the
annual cold period about 3 months earlier than usual (Figure 5).
While the SST was warming to its peak in the eastern Pacific
during March 1992, the western Pacific at 165°E cooled below
29°C for the first time since 1989. Superimposed on these low-
frequency changes of SST in Figure 5 are 500-1000 km bumps
on the SST contours that appear to have an intraseasonal
timescale. In section 4 we will argue that these are the result of
zonal advection by the intraseasonal Kelvin waves, and further,
that in some cases these advective SST anomalies can provide
a significant feedback to the atmosphere in an eastward-propa-
gating coupled interaction.

3.2. Spectral Characteristics

Spectra of OLR and zonal winds in the western Pacific, and
20°C depth and zonal current at the undercurrent level in the
central Pacific are shown in Figure 6. The spectra were calcu-
lated for the 10-year period April 1983-April 1993 for all
quantities except the zonal wind, for which only the seven years
July 1986-July 1993 are available. The spectra were estimated
from the raw periodogram amplitudes by smoothing in six
frequency bands, with breaks at 600-, 225-, 110-, 45-, and 20-
day periods, corresponding roughly to interannual, annual,
semiannual, intraseasonal, monthly and submonthly variability.
Within each of these bands the periodogram estimates were
smoothed with a triangle filter whose length was constant within
the band; however, a longer filter length was used to give greater
smoothing in the higher-frequency bands. The resulting degrees
of freedom (DF) were estimated according to the procedure of
Bloomfield [1976, Chapter 8]; these range from 5 DF in the
interannual band, to about 20 DF in the intraseasonal band and
to about 60 DF for periods less than 20 days. The same fre-
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Figure 5. Longitude-time plot of SST on the equator. The plot has the same format as Figures 3 and 4. The contours
and shading show the SST (actually, the 1-m temperature) at a contour resolution of 1°C, with supplementary shading
at 29.5°C. Darker shades show warmer SST. The slanted lines are the same Kelvin wave paths shown in Figure 3.
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Figure 6. Variance-preserving spectra of OLR at 165°E, zonal wind at 165°E, 20°C depth at 140°W, and equatorial
undercurrent speed at 140°W, 120 m depth, all at the equator. Each variable has a separate scale as indicated. The
spectra are calculated for the 10-year period April 1983-April 1993 for all quantities except the zonal wind, for which

only the 7 years July 1986—July 1993 are available.

quency bands and smoothing were used to estimate the 95%
confidence limits on the squared coherence amplitude and phase
shown in Figures 7 and 8.

The spectra given in Figure 6 show that the intraseasonal
band was a prominent feature of the variability of all these
quantities, as expected from previous results and the plots
discussed in section 3.1. The longitudes chosen for Figure 6 are
roughly at the maximum amplitude of intraseasonal variability
for OLR and 20°C depth; in the case of zonal wind this ampli-
tude increased toward the west and may have been larger to the
west of 165°E. The amplitude of zonal winds and OLR in this
band dropped off rapidly east of the date line, so much of the
oceanic intraseasonal variability in the eastern Pacific must have
been remotely forced. The intraseasonal band variability in the
atmospheric quantities shown (OLR and zonal wind) was
skewed toward the high-frequency end of the band near 45-day
or shorter periods, while the oceanic variability (20°C depth and
undercurrent speed) peaked near 60- to 75-day or longer periods
(Figure 6). There was little oceanic energy in the central Pacific
at periods shorter than 50 days, even though there was such
energy in OLR and the wind forcing. This discrepancy is
reflected in the fact that many of the papers discussing intra-
seasonal variability in the atmosphere refer to “30-60 day” or

“40-50 day” fluctuations [e.g., Madden and Julian, 1972;
Weickmann et al., 1985; Lau and Chan, 1985, 1986; Zhu and
Wang, 1993], but the ocean seems to selectively respond to the
lower-frequency part of the intraseasonal forcing. We discuss
this question further in section 4.6.

In addition to the intraseasonal peak, major spectral peaks
are also seen at 3- to 4-year periods associated with the ENSO
cycle, and at the annual period (Figure 6). Weak semiannual
variability was indicated for all four quantities, with only
slightly higher energy levels than neighboring frequencies. It is
noteworthy, but beyond the scope of this paper, that although
there have been large changes, even reversals, of the equatorial
undercurrent in the central Pacific associated with El Nifio [e.g.,
Firing et al., 1983; Halpern, 1987], these events were short
lived and did not compose a very large fraction of the variance,
so there was no interannual spectral peak of zonal current at
120 m depth at 140°W during 1983-1993, unlike the other
quantities studied (Figure 6).

All four quantities shown in Figure 6 were coherent at periods
longer than 1 or 2 months. Figure 7 shows the coherence
squared of western Pacific OLR and zonal wind, and central
Pacific undercurrent speed, with 20°C depth at 0°, 140°W.
Coherence significant at the 95% level is seen in the intra-
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Figure 7. Squared coherence amplitude of OLR at 165°E, zonal wind at 165°E and zonal current at 140°W with
20°C depth at 140°W; 95% confidence levels are indicated by the thin horizontal lines, which also show the
frequency bands used to smooth the raw periodograms (see text).

seasonal band, at the annual and semiannual periods, and at
interannual periods. In the absence of local intraseasonal
atmospheric forcing at 140°W (the zonal wind amplitude in the
intraseasonal band at 140°W is about one-fourth that shown in
Figure 7 at 165°E), this coherence demonstrates the remotely
forced nature of the central Pacific oceanic signals. The intra-
seasonal coherence peaks appear at the low-frequency end of the
band (Figure 7), which again suggests that, although the
intraseasonal convection occurs at periods down to about 35
days, the ocean response is dominated by periods of 60 days or
longer.

The intraseasonal coherence among OLR, west Pacific winds
and central Pacific thermocline is not surprising, but it is
important because the OLR events are known to propagate
eastward into the Pacific from the Indian Ocean as part of the
Madden-Julian Oscillation [Weickmann et al., 1985; Rui and
Wang, 1990]. The Indian-Pacific connection is shown by high
coherence in the intraseasonal band between OLR at 90°E in the
eastern Indian Ocean and 20°C depth at 140°W, 14,500 km to
the east in the central Pacific (Figure 8). The intraseasonal
coherence peak is found at 74.2 days and is significant at more
than the 95% level (Figure 8, top). The coherence phase
(Figure 8, bottom) indicates a lag of about 75 days for negative
OLR (strong convection) leading positive (deeper) 20°C depth;
a lag that encompasses propagation of the OLR signal from the

Indian Ocean across the Indonesian Archipelago and over the
Pacific, the forcing of the Kelvin waves by winds associated
with the tropical convection, and the propagation of the Kelvin
waves across the Pacific. It is worth noting that the existence of
large-amplitude intraseasonal variability of OLR over the Indian
Ocean suggests that similar oceanic Kelvin waves may be
observed there as well. Since the speed of OLR propagation
across the Indian Ocean can be similar to the oceanic first
baroclinic mode Kelvin speed [Rui and Wang, 1990], the forcing
may be nearly resonant and the wave amplitude may be found
to be large. McPhaden [1982] observed 30- to 60-day fluctua-
tions of temperature and zonal velocity at Gan Island in the
central Indian Ocean, which he interpreted as an equatorial
Kelvin wave corresponding to the MJO. It is unlikely that such
resonant intraseasonal forcing is a strong influence on the
Pacific because the MJO fetch there is usually fairly short and
because the propagation speed of the wind tends to speed up
over the Pacific [Rui and Wang, 1990].

The Pacific Ocean Kelvin wave speed itself is found from
Figure 9, which shows the squared coherence amplitude and
phase of 20°C depth across the equatorial band, averaged over
periods of 55-65 days. The coherence is significant above the
95% level everywhere except 175°E, where it is slightly smaller,
and the phase variation is nearly linear, with a slope indicating
a speed of 2.43 m s’ This speed is used to draw the Kelvin
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Figure 8. Squared coherence amplitude (top) and phase (bottom) of OLR at 90°E with 20°C depth at 140°W. The
intraseasonal peak is centered at 74 days. Positive phase indicates deep 20°C depth leads low OLR. (Top) 95%
confidence limits on the coherence amplitude are shown by the thin horizontal lines; 95% confidence limits on the
phase are shown as “error bars,” in each of the five frequency intervals in which the coherence (top panel) is
significant above the 95% level. The phase limits are an average over each such interval and are plotted at the center
of the intervals.
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wave lines in Figure 3. The speed is remarkably consistent over
a wide region of the Pacific, despite the large range of mean
thermocline depth (161 m at 165°E to 58 m at 110°W), and the
order 1 changes in thermocline depth during this period
(Figure 3). Similar calculations using other longitudes and bands
give estimates between 2.2 and 2.8 m s, which suggests that
+0.3 m s~ is a rough measure of the uncertainty of the Kelvin
speed estimate. Although one might expect that the first
baroclinic mode Kelvin wave speed would vary zonally in
concert with the thermocline depth across the Pacific, our results
to the contrary are borne out by calculation of the baroclinic
modal parameters using the mean full-depth temperature profiles
compiled from historical data archives studied by Kessler and
McCreary [1993]. The baroclinic modes are defined by a phase
speed c, and a vertical structure function ¥,(z) [Cane, 1984;
Kessler and McPhaden, 1995a]. When these quantities are
calculated from the mean historical profiles at different locations
along the equator in the Pacific, it is found that the first-mode
speed c, varies only from about 2.8 m s™ west of 150°E to
2.3 m s~ east of 120°W, in approximate agreement with the
present results. However, the structure functions ¥, (z) show
considerably more zonal variation, which might be expected to
result in wave reflections and interactions between modes [Gill
and King, 1985; Long and Chang, 1990]. One can interpret the
nearly constant phase speed in a reduced gravity representation
(where the phase speed is 2= g(Ap/p)H, with A p the density
contrast across the interface and H the mean interface depth).
Although the thermocline shoals in the east, the vertical density
contrast increases in the cold tongue region, and the two
compensate to produce a net change in ¢ that is less than would
occur due to thermocline depth variations alone.

3.3. Complex Demodulation

The spectral representations shown in Figures 6-9 depict the
average variability over the whole record lengths. Complex
demodulation is a simple technique that gives time series of the
amplitude and phase of the variability within a frequency band
(see section 2.1) and thus allows examination of the temporal
modulation of energy content of a particular band. Demodula-
tion of the time series of 20°C depth at 140°W, at a central
period of 60 days (Figure 10a) shows that the intraseasonal
energy is largely concentrated in the boreal fall/winter season,
as could be inferred from Figure 3. During most years, the 60-
day amplitude approximately triples during this season, from a
base of about 5 m to 15-20 m (Figure 10a). Smaller midyear
peaks are also sometimes found, most prominently in 1986,
1987, and 1989. These three midyear peaks represent a single
strong Kelvin event in each year. Weak midyear bumps also
occur in other years, indicating that some semiannual variation
of 60-day 20°C depth amplitude is a normal part of the seasonal
cycle. Construction of an average year of the 10 years of
demodulated amplitude in Figure 10a shows largest values at the
end of January and a weaker midyear peak 6 months later
(Figure 11).

In late 1988 a sharp peak of 60-day amplitude occurred that
did not represent the usual annual downwelling Kelvin waves
associated with MJO convection and westerlies in the western
Pacific, despite the fact that it appears to fit the annual pattern of
maxima (Figure 10a). Instead, this event was a strong upwelling
signal that was generated by a fairly confined patch of easterly
winds near the date line [Picaut and Delcroix, 1995] and marked
the maximum cooling of the La Nifia of 1988 (Figure 2). If we
omit the non-MJO 1988 peak, the largest intraseasonal signals
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of 20°C depth are found at the beginnings of 1987 and 1992
(Figure 10a), both associated with the El Niiio events of those
years, and these appear as enhancements of the deep-thermo-
cline phase of the annual cycle.

The corresponding demodulation of zonal wind at 165°E is
shown in Figure 10b. As in the case of 20°C depth, a strong
annual signal of 60-day variability is seen, with peaks roughly
3 times larger than the background occurring at the end of each
year. The average annual and semiannual variation of 60-day
wind amplitude (Figure 11) is very similar to that for 20°C
depth, with the western Pacific winds leading 140°W 20°C
depth by 1-2 months, consistent with Kelvin propagation. Also
in agreement with the thermocline signals, the strongest years of
zonal wind 60-day amplitude were late 1986 and late 1991,
preceding the two El Nifio events of this period. In 1988, the
usual year-end maximum was the weakest of any observed
(Figure 10b), consistent with the interpretation given above that
there were no MJOs over the Pacific that year. Picaut and
Delcroix [1995] showed that the easterly wind event that forced
the sharp SST cooling of November 1988 occurred primarily
east of 165°E, and thus this signal does not appear in the
demodulation of the buoy winds at that location. The unusually
large midyear peak in 1987 is also in good agreement with the
20°C history . The correlation between the amplitude time series
for 20°C depth (Figure 10a) and that of 165°E zonal wind
(Figure 10b) is 0.68 at a 38-day lag, indicating an average
propagation speed of 1.9 ms™".
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Figure 10. Time-varying amplitude of the intraseasonal variability
obtained through complex demodulation of (a) 20°C depth at 0°,
140°W, (b) zonal winds at 165°E, and (c) OLR at 165°E. The
demodulation is performed about a central frequency of 60 days,
with half-power between 42 and 108 days. The dashed line
overlaid is a 1-year running mean of each demodulated time
series.



KESSLER ET AL: FORCING OF INTRASEASONAL KELVIN WAVES 10,623
20 1 1 1 1 1 1 1 1 1 1 1 2.0
15 - 1.5
8] I
!
E 1 L
= 1 i T
;5 10 - 1.0 ©
5 ] - E
2 ] L
E 1 L
S - 0.5
0 T T T T T T T T T T T 0.0

Figure 11. Average year of 60-day amplitude of 20°C depth at 0°, 140°W (meters, solid line, scale at left; data from
Figure 10a), zonal winds at 165°E (meters per second, dashed line, scale at right; data from Figure 10b) and OLR
at 165°E (W m2, dotted line, scale at left; data from Figure 10c).

The corresponding demodulation of the OLR time history
averaged over 160°-170°E on the equator is shown in
Figure 10c. Again, for most years the OLR intraseasonal
variability peaked in boreal fall/winter with an amplitude 2 to 3
times the background. The average year of OLR 60-day
amplitude (Figure 11) shows peak amplitude in February—
March, 1-2 months later than either the winds or 20°C depth.
This does not seem compatible with a simple relation between
winds and convection, but it is nevertheless an accurate sum-
mary of even most of the years with strong intraseasonal waves
(e.g., 1987, 1988, and 1991 in Figure 10c). Consistent with the
165°E zonal winds, late 1988 appears especially weak in
intraseasonal OLR variability, and the four most recent years
were the most regular. The extra midyear peak in mid-1987 was
very similar to the other two quantities, indicating that MJO
convection and winds continued to affect the west Pacific even
through boreal summer during the warm event. The periods of
the 1986-1987 and 1991-1992 El Nifios were amplitude
maxima (also 1982 is a maximum not shown), although there
are other large peaks, and the two El Nifio years are not as
distinctive in OLR intraseasonal variance as in western Pacific
zonal winds or central Pacific thermocline depth. The 1-year
running mean amplitude time series (dashed line in Figure 10c)
shows that, even if the particular El Nifio years were not
necessarily the largest values, the low-frequency trend of OLR
intraseasonal energy was maximum at the warm phase of the
ENSO cycle.

4. An Ocean-Atmosphere Feedback

We have shown that the commonly observed intraseasonal
Kelvin waves in the equatorial Pacific are generated by the
fluctuations of winds and tropical convection associated with the
MIJO. In particular, the waves exhibit low-frequency modulation
due to annual and interannual variations of west Pacific convec-
tion, which itself is a signal propagating from further west. Since
the MJO life cycle is sensitive to the distribution of warmest
SST over both the Indian and Pacific Oceans, and to the
planetary atmospheric circulation, the oceanic signal must be
taken to be a manifestation of a global phenomenon, and not

simply internal to the Pacific. Although it is easy to see how
low-frequency variations of SST in the Pacific can affect the
MIJO, which has its intense convection signals over the warmest
SST, we now ask whether the MJO events themselves could
have a role in the interannual variations of the Pacific. Such a
process would require a nonlinear coupling between the
relatively high intraseasonal frequencies and a rectified low-
frequency response.

One mechanism that might produce this interaction is
suggested by the 500- to 1000-km intraseasonal bumps on the
SST contours in Figure 5, which occur both in the eastern and
western Pacific. SST variability at this timescale, in the absence
of corresponding atmospheric forcing, points to zonal advection
by the intraseasonal Kelvin waves as a possible explanation. In
view of the fact that convection and westerly winds follow the
warmest water eastward, this could provide a mechanism by
which intraseasonal variability in the ocean can feed back to
affect the atmosphere. Since the atmosphere can respond to SST
forcing (by shifting the location of convection) much more
rapidly than the ocean responds to changing winds, each
eastward advection event can draw subsequent convection
further east.

4.1. An Example of Intraseasonal Westerly/SST
Interaction

An apparent example of this process occurred during the
basin-wide warming of the El Nifio of 1991-1992. Figure 12a
shows a detail of the SST zonal section from Figure 5 for the
period July 1991 through April 1992. Overlaid on the SST
contours and shading are, first, the zero contour of the zonal
winds (same data as Figure 4) showing the advance-and-retreat
eastward expansion of westerlies, and second, the Kelvin wave
propagation lines from Figure 3 showing the four downwelling
waves (associated with eastward current anomalies) observed in
20°C depth during the onset of the 1991-1992 warm event. The
second and third westerly events, in November 1991 and
January 1992, each extended about 2000 km further east than
the previous one; in the intervening times the westerlies re-
treated west of the date line (Figure 12a). The warmest water
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Figure 12. (a) Detail of SST on the equator for July 1991 through April 1992 (during the peak of the El Nifio of
1991-1992). Contours and shading show SST with a contour interval of 1°C, with supplemental contour/shade at
29.5°C. Light contours show warmer temperatures (opposite of Figure 5). The heavy slant lines are the same Kelvin
lines shown in Figure 3. The heavy contour labeled “0” is the zero line of zonal winds, showing the steplike
progression of westerlies eastward over the Pacific during the onset of the warm event. (b) Model SST/wind to match
the timing of Figure 12a. Output of the simple model described in section 4. The heavy curve is the eastern edge of
the 29°C SST and the wind patch (the result of integrating (3); see text). The light sinusoidal curve at top is the time
series of winds from (1) (up is easterly, down is westerly) (winds are zero before day 0). The shading shows the
region of westerly winds. Slant lines indicate maximum positive pressure perturbation to match the observed Kelvin
lines in Figure 12a; east of the forced region these are Kelvin characteristics, within the forced region they move at

speed 2c (see text).

(marked by the 29.5°C contour) also moved east in pulses
following the westerly winds, with the first 29.5°C water east of
the date line observed in October 1991, then a pause until
December when the east edge of this warm water suddenly
moved to 155°W. Similar abrupt warmings also occurred in the
central Pacific following the passage of the downwelling waves
(e.g., the 28°C and 29°C isotherm in Figure 12a). It is clear
from Figure 12a that not all the warming of the 1991-1992
event was produced by Kelvin advection; for example, the first
warming began in September 1991, probably before such a
signal could develop by Kelvin advection, and the final basin-
wide warming occurred late March 1992, again with a timing
that does not seem consistent with an advective mechanism.
Hayes et al. [1991a] also found no evidence for a zonal ad-
vective effect on SST associated with the passage of an intra-
seasonal Kelvin wave at 110°W in January 1987.

Kessler and McPhaden [1995b] studied the zonal advective
effect on SST at 140°W during the 1991-1993 El Nifio and
showed that although this forcing was not the most important
term in the SST balance at annual and interannual frequencies

it was dominant during the period of intense intraseasonal
variability at the height of the warm event. Figure 13 compares
the advective terms d(SST)/dt and ud(SST)/dx at 0°, 140°W
(d(SST)/dx is estimated by centered difference between 155°W
and 125°W) during the same period as Figure 12a for SST and
winds. The positive (warming) humps of —ud(SST)/dx in
Figure 13 show the advection due to the intraseasonal Kelvin
waves at 140°W in October and November—December 1991 and
January 1992. Clearly, the first major warming that took place
in September was not the result of Kelvin advection, but the next
two events are quite consistent with that interpretation, and the
two terms balance closely. The final warming in March occurred
before the passage of the fourth Kelvin wave and again was
apparently not due to that wave. The fourth wave produced only
a very weak advective signal in Figure 13 because the zonal
temperature gradient at 140°W was near zero at that time
(Figure 12a).

The net result of successive intraseasonal waves associated
with steplike eastward movement of the warmest water and
westerly winds appears as a much lower-frequency signal. In
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Figure 13. Comparison of d(SST)/dt and ud(SST)/dx at 0°, 140°W. The solid line shows —ud(SST)/dx, where u is
taken as the 14-m (shallowest level) zonal current measured by ADCP and d(SST)/dx is estimated by centered
difference between 125°W and 155°W. The dashed line is d(SST)/dt at 140°W. Both time series are filtered with
a 17-day triangle filter. Upward on the plot indicates a warming tendency for both time series.

this view, Figure 12a suggests that zonal advection moved the
29.5°C water 1000 km or so to the east following the westerly
wind event, and the next convection phase of the MJO
(westerlies) responded to the new position of the warm water
before it had returned west to its previous location. This process
can result in a slow (relative to intraseasonal timescales),
steplike progression of the warmest water and westerly winds to
the east along the equator as observed in late 1991, and which
has been often noted as a feature of the onset of El Nifio. Note
that as the warm water/westerly wind couplet migrates east, the
fetch of the westerlies increases. Since the Kelvin response is
proportional to the fetch [Weisberg and Tang, 1983], the process
can amplify.

4.2. A Simple Model of the Interaction

A simple coupled model illustrates the dynamics involved.
The model is not intended to be a realistic simulation of all or
even most aspects of the onset of El Nifio, but simply to show
that a nonlinear interaction between the oceanic intraseasonal
Kelvin waves and the Madden-Julian Oscillation is possible. The
model is highly idealized to represent the single mechanism of
an advective feedback between intraseasonal advection of SST
and the rapid response of the atmosphere to changes of location
of the warm pool. This feedback may be an element of the slow
eastward advance of warm SST and atmospheric convection that
has been noted to occur during the onset of warm events.

Assume that the initial state of the ocean has a warm pool
extending eastward from the western boundary. Let sinusoidally
oscillating, zero-mean zonal winds occur only to the west of a
particular value of SST, say the 29°C isotherm. The frequency
and phase of the surface winds is assumed to be fixed by upper
atmosphere waves oscillating at a Madden-Julian timescale, but
their longitudinal extent is determined by the SST. For simplic-
ity, we assume that the winds do not vary in longitude within the
wind patch (from the western boundary to the 29°C SST
isotherm), but are zero outside the patch. In the ocean, Kelvin
waves forced by the oscillating winds advect the 29°C patch
edge. We assume a simple ocean dynamics such that the ocean
response to winds is that the forced ocean current is directly

proportional to the wind integrated over the Kelvin wave
characteristic. Other than zonal advection, due to Kelvin wave
passage or to wind forcing directly, there are no processes that
affect SST in this model.

This model can be formulated as follows. The western
boundary is at x = 0. Let x = a(f) mark the (time varying) east
edge of the 29°C SST/wind patch. Then the wind field is

Uymos = b sin (w?), for 0 < x < a(®) 1)
where b is the (constant) amplitude of the wind and w the
frequency. Note that u,, . has zero mean. The ocean current at
the patch edge is now taken to be directly proportional to the
wind integrated over the patch along the Kelvin wave character-
istic. The integral sums the forcing felt by a wave since it left the
western boundary

x=a(f) =t,
UgeanX=a,1=t,) = b f Ugymos X = bb" f sin(wdHcdt (2)
x=0 F;ﬂl

c

where b" is the (constant) coupling efficiency, c is the Kelvin
wave speed, and ¢, is the arrival time of Kelvin characteristics at
the patch edge. The coupling efficiency b" scales the speed of
the current generated by a given wind, and is a tunable parame-
ter in this model. For simplicity of notation, we combine
bb" = B, which has units of (time)™' and incorporates the effects
of both wind strength and coupling efficiency; thus B represents
the net forcing amplitude felt by the ocean. Since the wind does
not vary (in x) for 0 < x < a(f), the integration can be performed
in time alone from ¢ = ¢, — a/c (the time a characteristic leaves
x=0) to r =1, as indicated in (2). Since the patch edge position
a(t) is changed only by zonal advection, we identify u,,,, =
dal/dt = rate of change of position of the patch edge. Carrying
out the integral in (2),

t=t
da o
== =¢B sin(w ) dt
i f (09

n

4y 3

2[cos( w( ta—@) ) —cos(w t)}
© c



10,626

This is a nonlinear (because a(f) appears in the argument to the
cosine on the right-hand side) ordinary differential equation,
which can be easily integrated numerically. We see from (3) that
daldt is zero for a = 0 (no patch) or for a = 2nc/w (a patch with
width the same as the wavelength of a Kelvin wave of frequency
), so these are limiting equilibrium positions where the motion
stops, but the motion can be of either sign between these two
locations.

Reasonable values of the model parameters can be chosen as
follows. We have established that the Kelvin wave speed is
¢ =2.4m s and the central intraseasonal frequency is about
o = 2n/(60 days). The wind forcing amplitude B can be
estimated from the wind-forced linear zonal momentum
equation

> = “@

where t = p cpu,” (subscripts a and o here indicate atmosphere
and ocean, respectively, and cj, is the drag coefficient), and H is
the thickness of the wind-forced layer. Taking usual values p , =
12kgm™, p,= 1025 kg m™, and ¢, = 1.5 x 1073, and estimat-
ing the amplitude of the wind events during late 1991 as up to
5 m s, and the wind-forced layer to be 50 m thick, (4) gives the
amplitude |u,| = 9 x 107" m s™. According to (2), the modeled
|u,| = cB; setting this equal to the result obtained from (4) gives
B ~ 4 x 1077 57!, which is the value used to construct the
example shown in Figure 12b. This value implies a timescale
B! =29 days, consistent with 60-day oscillations.

Note that the estimate of the tunable parameter B from (4) is
proportional to the wind speed squared and also that the choice
of the wind-driven layer depth is somewhat arbitrary. In any
case, the model has a simple parameter space, and the response
is qualitatively the same for all values 0 < B < «. For all positive
values of B the only change in response is the length of time
until the patch edge reaches equilibrium at a = 2nc/w (and note
that the equilibrium value is not a function of the wind forcing
parameter B, but only of the unambiguous quantities ¢ and ).
For (unrealistically) large values of B the solution can jump to
an integer multiple of 2n¢/w but then resumes identical behav-
ior approaching the new equilibrium position. The model is also
not sensitive to the starting phase of the wind. In the example
discussed in section 4.3 and shown in Figure 12b we have
started the winds at the beginning of their westerly phase at time
zero (winds are zero before ¢ = 0), but if the winds are started
easterly at ¢+ = 0, the process takes several more oscillations
before rapid growth occurs, but the eventual result is the same.

4.3. Solution for Realistic Parameters

The behavior of the solution is shown in Figure 12b. The
patch edge moves east in pulses not dissimilar to those observed
(Figure 12a) for SST and westerly winds during late 1991. Each
step advances about 1000-2000 km to the east, then in interven-
ing periods the edge moves west nearly as far back as it ad-
vanced. The SST advance lags the occurrence of westerly winds
by about half a period or so, as was seen in the observations
(Figure 12a). The maximum positive pressure (and zonal
current) perturbation, indicated by the heavy slant lines in
Figure 12b, approximately matches the analogous Kelvin wave
lines determined from 20°C depth (Figure 12a). (Within the
forced region the combination of direct forcing and Kelvin
waves results in an apparent propagation speed of 2¢, as was
shown by Philander and Pacanowski [1981], whose high-
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frequency solution u field is similar to ours but without the SST
feedback). The eastward advance slows as the patch edge
approaches 27c/w (in the present example 2nc/w = 12,442 km),
which is the point where a Kelvin characteristic traveling from
the boundary to the patch edge has passed half under the
westerly wind region and half under the easterly region and thus
(2) integrates to zero; eventually, the oscillations of the patch
edge die out at this asymptotic value. This model can only
simulate the eastward growth of the coupled interaction, not the
return of the warm water edge and westerly winds to the west.
We emphasize that it is unlikely that the model results (such as
the particular value of the equilibrium position) are relevant to
the long time evolution of the ocean. Many other processes that
have been ignored here will certainly modify the ocean-atmo-
sphere interaction, particularly over longer time periods. The
point of the model is to isolate a specific coupling mechanism
through which it is possible to get a net low-frequency change
in the ocean from zero-mean oscillating forcing. This seems to
simulate reasonably well some important aspects of the changes
observed near the east edge of the warm pool during 3 or 4
months of the onset stage of the El Nifio of 1991-1992
(Figure 12).

The solution has a basic similarity to the results of a coupled
general circulation model simulation reported by Latif et al.
[1988]. They added a single 30-day westerly wind event to their
model after spin up with annual cycle forcing and then let the
coupled system run freely. The model responded with an initial
rapid eastward shift of the SST maximum toward the central
Pacific due to zonal Kelvin wave advection, then subsequently
the model atmosphere developed persistent westerlies blowing
toward the warmest water. This kept the central basin sea level
and SST high for at least a full year after the single 30-day
imposed forcing event. Although the Latif et al. [1988] model is
much more complex than the present formulation, it appears that
the coupled dynamics are similar in this case, with the atmo-
sphere responding to transient eastward displacement of warm
SST by developing westerlies that serve to maintain and extend
the SST pattern.

4.4. Dynamics of the Interaction

The key dynamics that produce the rectified low-frequency
outcome from the high-frequency forcing is that the model
atmosphere responds immediately to the state of the SST, while
the ocean’s response to the atmosphere is lagged because it is
due to an integration over forcing of finite duration. While the
model is crude, this timescale difference between the two fluids
is probably representative of a true distinction. The other
important characteristic of the model formulation is that the
strength of the model ocean response is proportional to the fetch,
so that westerly winds, which advect the patch edge eastward,
increase the fetch, while easterly winds reduce it. Thus during
westerly periods the increasing fetch means the response
increases, but during easterly periods the decreasing fetch
produces a weaker signal, so each westward retreat is somewhat
weaker than the eastward advances. This behavior is much like
the observations in late 1991.

We noted in the introduction that the Madden-Julian Oscilla-
tion is a global phenomenon, but its surface expression is strong
only over the warm-SST part of the equatorial ocean. Similarly
in the model, we assume that the forces that establish the basic
oscillation are entirely external to the feedback mechanism. In
this representation the atmospheric dynamics of the MJO set the
60-day oscillation period, while the SST determines only the
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zonal length of the region in which convection and strong low-
level winds develop during the phase favorable to upper-level
divergence. Although the existence of the MJO probably
requires a minimum size warm SST region to exist, the few-
thousand-kilometer changes during a single event may be small
perturbations to the global state SST felt by the atmosphere, and
thus the interaction described here may not strongly affect the
fundamental dynamics or frequency.

4.5. Weaknesses of the Model

Several important weaknesses of the model are evident. We
neglect entirely any heat exchange between the atmosphere and
ocean, which is obviously crucial to the evolution of the coupled
system. The present, highly-idealized formulation can only be
relevant over short time scales during which the rapid advection
that occurs as a result of the intraseasonal waves can be the
dominant process affecting SST. Such dominance of intra-
seasonal Kelvin wave-mediated zonal advection on SST change
can occur during warm event onset and was observed at 140°W
during November 1991 through February 1992 (section 4.1 and
Figure 13). Second, the model implicitly has an infinite heat
reservoir that allows the warm pool to expand indefinitely,
determined only by dynamics, not a heat balance. However, the
same result would still occur if eastward advection in the warm
pool exposed cooler water to the west, if one makes the reason-
able assumption that the convection and westerlies advance over
the cool water to the warm pool. Similarly, SST cooling due to
evaporation associated with the increase in absolute wind speeds
during westerly events in the western Pacific is typically less
than 1°C, which is not enough to reduce the absolute tempera-
ture to below the threshold needed for deep convection. There-
fore the primary feedback shown by the simple dynamics would
not change if the model was made more realistic by allowing
changing SST under the winds. However, such cooling may well
have been the reason for the slight decrease in warm pool SST
under the strong winds of January 1992 (Figure 12a). Third, in
order to demonstrate without ambiguity that the slow change in
the ocean can be due entirely to the coupled feedback rectifica-
tion, we have postulated zero mean wind forcing. In the real
event, it is observed that the onset of El Nifio occurs in a regime
of low-frequency westerly forcing with the higher-frequency
convection events superimposed (Figure 3, top). This would
tend to make the eastward advective signal stronger, but the aim
here is to show that it is not necessary to have mean westerly
forcing in order to get a net eastward propagation in the ocean.
Fourth, to achieve maximum mathematical simplicity, we have
specified that the winds do not vary in x within the wind patch
(equation (1)). In fact, the wind signal propagates eastward with
the convection signal at speeds of the order of 3-6 m s™' [Rui
and Wang, 1990]. Such eastward-propagating winds would
result in an increased projection of the forcing onto the Kelvin
mode [Tang and Weisberg, 1984; McCreary and Lukas, 1986],
effectively increasing the coupling parameter b". (In fact, when
the model is run with B increased by about 20%, the match with
the observations is somewhat closer).

An element of the ocean dynamics that we have ignored is the
Rossby waves that would also be generated by the oscillating
forcing. Rossby waves might affect the result in three ways.
First, the Kelvin waves discussed here would produce Rossby
waves upon reflection at the eastern boundary. However, a
variety of studies [du Penhoat et al., 1992; Kessler and
McCreary, 1993; Kessler and McPhaden, 1995a; Minobe and
Takeuchi (Annual period equatorial waves in the Pacific Ocean,
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submitted to Journal of Geophysical Research, 1994)) have
suggested that these waves will not survive propagation across
the entire Pacific, thus we think this would not be a major
element of a more complete solution. Second, the oscillating
winds would generate Rossby waves directly. These waves
propagate west, and so would not influence the east edge of the
patch, except by producing secondary Kelvin waves upon
reflection from the western boundary. The amplitude of the
Rossby waves forced by the wind patch depends on the meridio-
nal shape of the wind field; the amplitude of the consequent
reflected Kelvin waves depends on the mix of Rossby meridio-
nal wavenumbers and the shape of the western boundary
[Clarke, 1983; McCalpin, 1987; Kessler, 1991]. The phase of
the resulting Kelvin waves depends on the zonal width of the
patch, and we can anticipate that as the patch length changes the
Kelvin waves due to boundary reflection will exhibit varying
phase compared to the directly forced waves and may be of
either sign relative to the original solution. The time lag for
Rossby wave propagation from the patch edge to the western
boundary and then Kelvin wave propagation back to the patch
edge a can be written t, = a/cy + alcy = 4alcy, where subscripts
R and K indicate Rossby and Kelvin speeds, respectively, and
we use the first meridional mode Rossby speed which is 1/3 the
Kelvin speed. To get a rough idea of the effect of including the
western boundary reflection in the model, the solution was
recalculated with the addition of Kelvin waves due to the’
boundary reflection of wind-forced first-meridional-mode
Rossby waves, assuming for the sake of this discussion that the

Rossby u field amplitude was exactly the same as that of the
directly forced Kelvin waves. This solution (not shown) is very
similar to the original Kelvin wave-only solution shown in
Figure 12b. The first eastward advance is slightly weaker than
the original, but after about the middle of the second westerly
wind period the combined-wave solution results in a somewhat
faster eastward advance than the original. This can be qualita-
tively understood because the Rossby lag 4a/cy initially pro-
duces oppositely phased Kelvin waves that slow the advance,
but the patch soon grows to a width where the lag results in
boundary-reflected waves that have the same sign as the directly
forced waves and thus enhance the eastward translation. This
experiment suggests that the addition of Rossby waves forced by
an equatorial wind patch would not alter the fundamental
character of the solution to the Kelvin wave model (1)-(3).

A third way in which our neglect of Rossby waves in the
model is unrealistic is that there can also be easterly wind
anomalies to the east of the convection on MJO timescales, and
these would generate Rossby waves carrying equatorial currents
westward toward the patch edge that would oppose the Kelvin
signals modeled here. It is not straightforward to model these
Rossby waves in the context of a model as simple as the present
one, since the zonal width of the easterly forcing is much harder
to define than the width of the convective region. Also note that
the much slower Rossby propagation speed (1/3 of the Kelvin
speed for first-meridional-mode waves) implies that a reason-
ably sized easterly patch region of 4000 km would be close to its
equilibrium (stationary) length 2nc/w, and the integral over the
characteristic would thus be small (see discussion of equation
(6) and Figure 14 in section 4.6). In addition, we have noted that
the central Pacific intraseasonal zonal wind variability is very
much weaker than that over the warm pool (see Figure 4). In
sum, we conclude that our neglect of the Rossby wave forcing,
while unrealistic, does not distort the fundamental feedback
properties of the model.
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Recognizing that all these dynamic and thermodynamic
weaknesses and crude approximations to the observations make
the model unsuitable for realistic simulation of the coupled
system in general, the extremely simple form used here was
chosen for the purpose of isolating a particular process that may
be relevant to the real system during a limited (but perhaps
important) period.

4.6. An Application to the Spectral Offset Between
Intraseasonal Winds and Ocean Response

We have shown (in agreement with previous studies) that
although intraseasonal variability in the atmosphere was
centered at 35- to 60-day periods (Figure 6), the ocean response
was shifted toward the lower-frequency end of the band.
Thermocline depth and undercurrent speed variability were very
weak at periods less than 50 days and had significant amplitude
at 75-day periods (Figure 6). In a review of an earlier version of
this manuscript, N. Graham (personal communication, 1994)
pointed out to us that this discrepancy can be explained in the
context of the Kelvin wave model of section 4.2. The fundamen-
tal idea is that the Kelvin signal integrates to zero if the forced
region length equals the distance a wave ray travels in one
period of oscillation (2nc/w). For the 60-day waves discussed
above, this distance is 12,442 km, but shorter-period forcing
(like the 30- to 50-day spectral peaks of OLR and west Pacific
zonal wind in Figure 6) may be close to the zero-integral
equilibrium for typical wind patch lengths, and thus have only
a weak effect on the ocean.

Using terminology analogous to the model (1)—(3), but with
the patch edge fixed (no feedback), let A be the (fixed) east edge
of the warm SST/wind patch. The wind field is still described by
(1), substituting the constant A for the previously variable a(z).
Performing the same integration as in (2), again substituting A
for a(t), gives an equation analogous to (3) for the zonal current
at the east edge A. Since A is fixed, this expression for u(x = A)
may be written as the product of a constant amplitude and a
time-varying term.

e of-4) - st
{2 o 32) e of- 2]

where the first term on the right-hand side is the (constant)
amplitude and the second is the time-varying term. The variance
of the Kelvin response at A (and thus everywhere east of A) is

the amplitude squared
1{ 2¢B)* . of w4
—| == sin*| —
2\ o 2c

l(BA )? sinc? ( (')—A)
2 2

u(4,r

var {u(4,2)}
(6)

c

where the function sinc(x) = [x"sin(x)], which equals 1 atx=0,
equals 0 at x = ©t, and thereafter represents a decaying oscillation
for increasing values of x. In (6) the variance falls to zero as the
period decreases toward the value A/c (the time it takes a Kelvin
wave to cross the patch), because then, in summing the integral
over the wind patch, the easterly and westerly contributions to
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the ocean forcing cancel. Therefore the amplitude of the ocean
response east of equatorial wind forcing depends on the product
wA, and for some values of these parameters the response can
vanish.

An estimate of the zonal length scale of the intraseasonal
forcing can be made using OLR, which spans the entire western
Pacific (the buoy observations are not suitable for this purpose
since long records are available only east of 165°E). The
1979-1993 history of equatorial OLR was decomposed in
complex empirical orthogonal functions (CEOFs) in the
frequency domain [Wallace and Dickinson, 1972], using
frequencies spanning 30- to 80-day periods to define the
intraseasonal band. Figure 14 shows the amplitude, phase
relative to 125°E and percent variance represented by the first
CEOF, as a function of longitude in the Pacific. In the western
Pacific, the first CEOF expresses 50% or more of the intra-
seasonal variance, with amplitudes up to 15 W m™2 (Figure 14).
The phase indicates eastward propagation at a speed of about
4.5 m s”! in this region, consistent with earlier analyses [e.g.,
Rui and Wang, 1990]. The zonal structure of the amplitude
(Figure 14, top) suggests that an e-folding zonal scale of the
intraseasonal variability felt by the equatorial Pacific stretches
from the western boundary of the Pacific (near 135°E on the
equator) to 180°, or about 5000 km. Not surprisingly, a similar
estimate results from considering the zonal extent of the warm
pool. The Reynolds and Smith [1994] satellite blended SST field
(not shown), averaged over the 10 years 1984-1993, establishes
that SST warmer than 29°C extends between about 130°E to
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Figure 14. Complex (frequency domain) EOF 1 of intraseasonal
(30- to 80-day period) OLR along the equator in the Pacific during
19791993, (Top) Amplitude (W m™2) of the complex eigenvector.
The zonal structure of this EOF is used to estimate the zonal
length of the OLR patch (see text). (Middle) Phase relative to
125°E. The slope in the western Pacific indicates eastward
propagation at a speed of about 4.5 m s™'. (Bottom) Percent
variance represented.
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Figure 15. Theoretical variance of zonal current €ast of a 5000-km width wind patch, calculated according to (6),
shown as a function of forcing frequency. The top axis numbering shows the periods in days. Note the rapid drop in

variance between 100-day and 30-day periods.

175°E, approximately coinciding with the region of high
amplitude of the first CEOF of OLR. The 29°C SST isotherm
divides the warm pool, which has small zonal SST change, from
the region to the east where there is a strong zonal gradient. This
also gives a 5000-km estimate of the size of the convection
region, which we will take as an estimate of the patch length A
in (6).

Figure 15 shows the theoretical variance of zonal current east
of a 5000-km patch as a function of frequency, calculated
according to (6), using the Kelvin wave speed ¢ = 2.4 m s™ and
the wind-forcing parameter B = 4 x 10~ s™" estimated in section
4.2. There is a sharp falloff of energy at periods from about 50
to 30 days, because the time it takes a wave ray to cross the
5000-km patch approaches one period of the wind. The variance
falloff occurs exactly in the region where the observed OLR and
wind have spectral peaks but the thermocline depth and zonal
current are weak (Figure 6). It helps resolve this apparent ocean-
atmosphere discrepancy by shifting the part of the wind spec-
trum responded to by the ocean toward lower intraseasonal
frequencies that have larger zonal wavelengths relative to the
wind field. Shorter wind patches would allow the ocean to react
to higher-frequency wind signals, but also imply smaller overall
amplitude (due to the factor A2 multiplying the right side of (6)).

5. Summary

We have used 10-year time series of SST, 20°C depth, and
zonal winds measured by moored buoys across the equatorial
Pacific to define the intraseasonal Kelvin waves and compare
them to an index of tropical convection. Previous studies have
described and diagnosed the oceanic Kelvin waves; here we
establish that the low-frequency modulation of the intraseasonal
energy in the ocean coincides with that of the Madden-Julian
Oscillation, and hence this signal should be seen as part of a
planetary-scale phenomenon, and not internal to the Pacific.
During the boreal fall/winter season, typically two to four
intraseasonal convection events propagate into the western
Pacific from their generation region over the central Indian
Ocean. Westerly winds associated with the convection generate
downwelling first-baroclinic-mode Kelvin waves that efficiently
carry the signal across the basin; this composes a substantial

fraction of eastern Pacific thermocline depth variability. During
El Nifio onset years (1986 and 1991 in this study), the convec-
tion extends further east (in association with the warmest SST),
which gives more fetch to the westerlies and thus unusually
intense downwelling Kelvin events.

A simple model is formulated that shows that a coupled
feedback is possible in which intraseasonal wind forcing alone
results in a slow, steplike eastward progression of high SST and
westerly wind anomalies across much of the Pacific in a manner
not unlike the onset stage of El Nifio. The model is highly
idealized, isolating a single process: the feedback between
intraseasonal Kelvin wave zonal advection of SST interacting
with eastward penetration of convection over the Pacific. The
model solution implies that low-frequency modulation of the
intraseasonal variability could lead to low-frequency climate
fluctuations in the Pacific. Some of this modulation can presum-
ably be due to changes in the Indian Ocean and south Asian
monsoon circulation systems, so the intraseasonal band may be
a “window” through which the Pacific reacts to signals originat-
ing outside the basin, and this may be part of the process that
occurs during the onset stage of El Nifio. We note, however, that
intraseasonal equatorial Kelvin waves are a ubiquitous feature
of the equatorial Pacific, evident during non-El Nifio years as
well. Thus the occurrence of these waves alone is not a suffi-
cient condition for the onset of El Nifio. A further application of
the simple model suggests that the discrepancy between the
typical 30- to 50-day periods of the most energetic atmospheric
intraseasonal variability and the 60- to 75-day periods of the
corresponding signal in the ocean may occur because of the
correspondence between the relatively short periods of the
intraseasonal wind and the time for a Kelvin wave to cross the
wind patches.

It is presently a subject of controversy as to whether high-
frequency variability such as the intraseasonal band is important
to resolve, or whether it is enough to simply work with low-
frequency averages, when the desired result is understanding of
interannual variability [e.g., Latif et al., 1988; Zebiak, 1989;
Webster and Lukas, 1992]. Our results suggest an intimate
connection between large-amplitude intraseasonal waves and the
onset of El Nifio and raise the possibility that the waves them-
selves provide a feedback to the atmosphere that could be
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crucial to the spreading of the coupled anomalies across the
Pacific.
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